Cytokinins are involved in key developmental processes in rice (Oryza sativa), including the regulation of cell proliferation and grain yield. However, the in vivo action of histidine kinases (OsHks), putative cytokinin receptors, in rice cytokinin signaling remains elusive. This study examined the function and characteristics of OsHk3, 4 and 6 in rice. OsHk6 was highly sensitive to isopentenyladenine (iP) and was capable of restoring cytokinin-dependent ARR6 reporter expression in the ahk2 ahk3 Arabidopsis mutant upon treatment with 1 nM iP. OsHk4 recognized trans-zeatin (tZ) and iP, while OsHk3 scarcely induced cytokinin signaling activity. OsHk4 and OsHk6 mediated the canonical two-component signaling cascade of Arabidopsis to induce phosphorylation of ARR2. OsHk4 and OsHk6 were highly expressed in spikelets, suggesting that tZ and iP might play key roles in grain development. OsHk6 formed a self-interacting homomer in rice protoplasts, although the trans-phosphorylation activity between subunits was much lower than the intra-molecular trans-phosphorylation activity. This indicates that the action mechanism of OsHks is evolutionarily diverged from bacterial histidine kinases. Ectopic expression of OsHk6 in rice calli promoted green pigmentation and subsequent shoot induction, further supporting an OsHk6 in planta function as a cytokinin receptor. From the results of this study, OsHks are homomeric cytokinin receptors with distinctive cytokinin preferences in rice.
Introduction
Cytokinins control various aspects of plant growth and development. These include cell division, apical dominance, organ formation and regeneration, nutrient mobilization and leaf senescence (Choi and Hwang 2007; Choi et al. 2011; Perilli et al. 2010; Hwang et al. 2012) . In Arabidopsis, cytokinin action and signaling has been extensively elucidated. Cytokinins are perceived by three Arabidopsis histidine kinases, AHK2, AHK3 and AHK4 (Arabidopsis histidine kinase 2, 3 and 4). These AHKs activate the Asp-His-Asp phosphorelay cascade destined for response regulator proteins (ARRs) via the action of histidine phosphotransfer proteins (AHPs) (Hwang and Sheen 2001) . Histidine phosphotransfer proteins are translocated into the nucleus upon phosphorylation and likely transfer a phosphoryl group to type-B ARRs, which in turn, function as transcriptional activators in cytokinin signaling. Activated type-B ARRs induce the expression of a subset of cytokinin primary response genes, including type-A ARRs. Type-A ARRs appear to provide a negative feedback regulatory mechanism during cytokinin signaling (Hwang and Sheen 2001) . It is plausible that these components desensitize the activated cytokinin signaling cascade by competing with type-B ARRs for phosphotransfer from AHPs (Imamura et al. 1998) , or by affecting type-B ARRs via protein interactions yet to be described ). In addition to a role in modulating cytokinin signaling output, the cytokinin biosynthetic pathway might also be tightly regulated during plant development. For example, the active cytokinin content in the ahk2 ahk3 Arabidopsis mutant is higher than in wild-type (Col-0) plants, likely compensating for the impaired cytokinin signaling in this mutant (Riefler et al. 2006) . Extensive functional redundancy among cytokinin signaling components has made elucidating the function of individual components difficult. However, recent studies using multiple knockout mutants of these individual molecules have revealed that two-component signaling factors are key regulators in Arabidopsis cytokinin signaling (Higuchi et al. 2004; Nishimura et al. 2004; To et al. 2004; Hutchison et al. 2006) .
Recent studies suggest that cytokinin homeostasis is critical in the control of meristem activity and grain yield in rice. LONELY GUY (LOG), a cytokinin nucleoside 5 0 -monophosphate phosphoribohydrolase, converts N or tZ, respectively (Kurakawa et al. 2007) . When LOG activity is eliminated, rice plants experience premature termination of the shoot meristem. Cytokinin oxidase 2 of rice (OsCKX2) catalyzes the degradation of active cytokinins, excluding the degradation of dihydrozeatin (DHZ) to adenine or adenosine. Reduced OsCKX2 expression causes cytokinin to accumulate in the inflorescence meristems of rice. This results in an increased number of reproductive organs and enhanced grain yield. These studies support the hypothesis that cytokinin is essential for the regulation of rice development, especially for the control of meristem activity and grain yield (Ashikari et al. 2005) . Cis-zeatin (cZ), tZ and iP are major cytokinins in rice (Kojima et al. 2009 ). The concentrations of tZ and iP are directly correlated with grain weight and yield (Yang et al. 2002; Zhang et al. 2010) . During endosperm development, a process known to be closely associated with increases in grain weight, the concentration of tZ correlates with the number of endosperm cells and the cell division rate, thus indicating that tZ functions during grain filling (Yang et al. 2002) . Interestingly, very low iP concentrations also correlate with the cell division rate (below 12 pmol per endosperm), suggesting the presence of very sensitive cytokinin receptors for iP in rice. Based on genome sequence analyses, it was hypothesized that the cytokinin signal transduction pathway is conserved between Arabidopsis and rice. Rice is predicted to contain four histidine kinases containing the cyclase/histidine kinaseassociated extracellular (CHASE) domain (OsHks), two phosphotransfer proteins (Oshps), thirteen type-A response regulators, thirteen type-B response regulators and two type-C response regulators (OsRrs) (Schaller et al. 2007 ). The cytokinin-dependent histidine kinase activity of OsHks has been confirmed in yeast (Du et al. 2007 ). Furthermore, the application of cytokinin to rice seedlings specifically induces the expression of most OsRrs (Jain et al. 2006; Du et al. 2007 ). Overexpression of the cytokinin-inducible OsRr6, a presumed negative regulator of cytokinin signaling, abolished shoot regeneration from calli and resulted in a dwarf phenotype (Hirose et al. 2007) . Along with the proposed cytokinin signaling component conservation between Arabidopsis and rice, these results suggest twocomponent signaling factors play important roles in the cytokinin signaling of monocot rice. However, the molecular details and in vivo function of the rice two-component cytokinin receptor remain largely unknown.
The present study investigated the function and characteristics of several OsHks in rice, particularly OsHk6. These studies were conducted via complementation of the Arabidopsis ahk2 ahk3 mutant, callus greening and shoot induction assays, and complementation of the yeast sln1D mutant. Each OsHk exhibited a unique response to cytokinin species and a unique spatial expression pattern during rice development. Considering the distinctive composition of cytokinins in various organs, these results indicate that OsHks are functionally diverse in rice. In particular, the high sensitivity of OsHk6 to iP suggests an important role for OsHk6 and iP during rice development.
Results

OsHks are cytokinin receptors with different cytokinin preferences
To investigate the biological roles of the OsHk genes, the expression pattern of each OsHk gene in the various organs of rice was analyzed via quantitative real-time polymerase chain reaction (qRT-PCR). Total seedlings, roots, stems and young leaves were prepared from 7-day-old seedlings grown on Murashige and Skoog (MS) medium. Mature leaves and spikelets were collected from rice plants grown in the field. Although OsHk transcripts were detected in all of the examined tissues, distinctive OsHk expression patterns were observed throughout rice development (Fig. 1A) . In particular, OsHk3, OsHk4 and OsHk5 were highly expressed in young leaves, indicating that these genes play major roles during the juvenile stage of rice. OsHk4 exhibited similar mRNA levels in spikelets and young leaves. Compared with the expression of other OsHks, OsHk6 expression was relatively low throughout rice development. In mature leaves, OsHk expression was minimal (OsHk4 and OsHk5) or slightly lower than the expression in other tissues (OsHk3). In contrast, OsHk6 expression levels were comparatively high in mature leaves and spikelets, implying a role during inflorescence development or grain filling. In Arabidopsis, a cytokinin signal transduction response through AHK3 induces phosphorylation of ARR2. On a western blot, this causes the ARR2 band to shift from a faster-to a slower-migrating band (Kim et al. 2006 (Kim et al. , 2012 . ARR2 phosphorylation was abolished in the ahk2 ahk3 mutant (Supplementary Fig. 1 ). Expression of OsHk4 or OsHk6 restored the cytokinin-dependent phosphorylation of ARR2 in the presence of different cytokinin species, indicating that OsHks can mediate canonical cytokinin signaling. Taken together, these data indicate that OsHks might function as cytokinin receptors in vivo.
In rice, each organ has a distinctive cytokinin composition (Kojima et al. 2009 ). Thus, in addition to determining the OsHks spatio-temporal expression patterns, the responsiveness of the OsHks to various natural cytokinins of plants was investigated. These cytokinins included cZ, DHZ, iP and tZ. To examine this responsiveness, the OsHks were overexpressed in Arabidopsis ahk2 ahk3 protoplasts and the expression of a cytokininresponsive pARR6:LUC reporter was monitored. OsHk5 was excluded from this analysis because its protein was not detected in the Arabidopsis protoplasts when overexpressed.
Using the pARR6:LUC induction assay, each OsHk was noted to possess unique cytokinin preferences (Fig. 1B) . In Arabidopsis ahk2 ahk3 protoplasts overexpressing OsHk6, exogenous treatment of 1 nM iP induced the expression of pARR6:LUC by 4.3-fold. In contrast, tZ barely activated pARR6:LUC expression, only increasing it 2-fold upon treatment with 1 mM of tZ. The extreme sensitivity of OsHk6 to iP suggests that the expression of these molecules might likely be tightly controlled. Therefore, this might necessitate the low expression Fig. 1 Rice OsHks exhibit distinct expression patterns and responsiveness to various cytokinin species. (A) Total RNA was isolated from tissues harvested from 7-day-old rice seedlings, with the exception of mature leaves and spikelets, which were collected from wild field-grown rice. Real-time quantitative RT-PCR was performed using primer sets specific to each OsHk gene. The mRNA expression pattern of each OsHk in the various tissues was examined a minimum of three times, using independently collected plant tissues. (B) Responses of OsHks to various cytokinin species. The ahk2 ahk3 mutant protoplasts were co-transfected with the pARR6:LUC reporter and AHK4, OsHk3, OsHk4, OsHk6 or 35S:mER7GFP (mER7 green fluorescent protein; transfection carrier control). Transfected cells were treated with 1 nM to 1 mM of isopentenyladenine (iP), ciszeatin (cZ), dihydrozeatin (DHZ) or trans-zeatin (tZ), as indicated. Error bars indicate the standard deviation (n = 3). C. Cytokinin-dependent growth of sln1D yeast cells transformed with OsHks and AHK4 constructs. The yeast sln1D strain was transformed with the empty vector or the indicated plasmids and spotted onto medium containing a specific carbon source, in the presence or absence of cytokinins (cZ, DHZ, tZ or iP).
of OsHk6 as compared with other OsHks. Upon treatment with 100 nM of cZ or DHZ, OsHk6 induced the expression of the pARR6:LUC reporter by 3.5-and 4.0-fold, respectively. Interestingly, OsHk4 responded to cZ but was insensitive to tZ up to 1 mM. In OsHk3-overexpressing protoplasts, isoprenoid cytokinins did not substantially activate pARR6:LUC (1.3-to 2.3-fold induction with 1 mM of cytokinins).
It is possible that the OsHks might indirectly activate cytokinin signaling in the ahk2 ahk3 protoplasts without directly binding to the cytokinins. To examine this possibility, the function of OsHks as histidine kinase cytokinin receptors was investigated by expressing OsHks in a yeast strain deficient for the SLN1 gene (Fig. 1C) . SLN1, the osmosensing histidine kinase in yeast, sequentially auto-phosphorylates conserved His and Asp residues. A phosphoryl group is subsequently transferred to the phosphotransfer mediator YPD1, and the signal is relayed to the SSK1 response regulator. Phosphorylated SSK1 inhibits the activation of the downstream HOG1 mitogen-activated protein (MAP) kinase pathway (Posas et al. 1996) . The sln1D yeast strain is lethal because the downstream SSK1 is dephosphorylated, resulting in the hyper-activation of the MAP kinase pathway (Maeda et al. 1995; Posas et al. 1996) . Yeast strain TM182 carries a sln1D mutation, as well as a plasmid containing a phospho-tyrosine phosphatase gene (PTP2) driven by the GAL4 promoter. Because of the galactose-dependent expression of PTP2, which inactivates the MAP kinase pathway, TM182 cells are able to grow in galactose-containing medium but not in glucose-containing medium. AHK4 and OsHk3, 4, 5 and 6 all complement the yeast sln1D mutant in an aromaticcytokinin-dependent manner (Inoue et al. 2001; Ueguchi et al. 2001; Du et al. 2007) . While transformants carrying the empty vector, AHK4 or OsHks were unable to grow on glucosecontaining medium, transformants expressing AHK4, OsHk4 or OsHk6 recovered TM182 cell growth when the glucosecontaining medium was supplemented with iP at concentrations as low as 1 mM (Fig. 1C) . Although AHK4 and OsHk4 complemented the TM182 growth defect upon addition of 1 mM and 10 mM tZ, respectively, OsHk6 failed to rescue the TM182 lethality in the presence of 10 mM tZ, thus indicating that OsHk6 is insensitive to tZ (Fig. 1C) . These data strongly suggest that OsHk6 functions as an iP receptor in rice. iP consistently activated OsHks in both the pARR6:LUC induction assay and the sln1D yeast system, suggesting that iP might play a crucial role in cytokinin signal transduction in rice.
OsHk6 is a cytokinin receptor that can homotypically interact in vivo
Bacterial sensor histidine kinases typically function as dimers (Pan et al. 1993; Bilwes et al. 1999; Marina et al. 2005) . In yeast, AHKs have been suggested to form homo-and hetero-dimers independent of cytokinins via a cytoplasmic domain (Dortay et al. 2006 ). To determine whether OsHk6 also functions as a complex in planta, hemagglutinin (HA)-tagged OsHk6 was co-expressed with myc-tagged OsHk6 in rice protoplasts.
When whole protoplast lysate was subjected to co-immunoprecipitation (co-IP) with anti-myc antibody, HA-tagged OsHk6 was pulled-down together with OsHk6-myc ( Fig. 2A, left) . Conversely, when OsHk6-myc was co-expressed with OsHk6-HA, OsHk6-myc was co-immunoprecipitated by anti-HA antibody, but not by an anti-SR antibody used as a control ( Fig. 2A,  right; Supplementary Fig. 2 ). Exogenous cytokinins did not affect the homotypic interaction of OsHk6 ( Fig. 2A) . Next, the histidine kinase and phosphotransfer activities of OsHk6 were analyzed to determine their necessity for the homotypic interaction. The OsHk6 HQ and OsHk6 DN variants carried mutations in the conserved histidine and aspartate residues, which are essential for kinase and phosphotransfer activity, respectively. The wild-type OsHk6 proteins were pulled-down with both OsHk6
HQ and OsHk6 DN mutant proteins (Fig. 2B, left) . Some bacterial histidine kinases form homo-or heterodimers, and inter-molecular trans-phosphorylation from the ATP-binding glycine residue to the conserved histidine site of the kinase domain can occur (Filippou et al. 2008) . Therefore, the possibility of inter-molecular trans-phosphorylation within OsHk homomers was evaluated. For example, when OsHk6 HQ and OsHk6
GA were co-transformed into the TM182 yeast mutants, inter-molecular trans-phosphorylation from the ATPbinding glycine of OsHk6
HQ to the conserved histidine in OsHk6 GA could promote the growth recovery of the yeast mutant in an iP-dependent manner. However, in contrast to bacterial histidine kinases, the co-expression of OsHk6 HQ and OsHk6 GA failed to rescue the yeast growth. This result indicates that inter-molecular phosphorylation between the glycine and histidine residues do not occur. On the other hand, trans-phosphorylation between conserved histidine and aspartate residues in yeast co-expressing OsHk6 HQ /OsHk6 DN or OsHk6 DN / OsHk6
GA did promote growth recovery, although the cell viability was more than 100-fold lower than the wild-type OsHk6 homomer (Fig. 2B) . These results indicate that inter-molecular phosphorylation within the OsHk6 homomer is minor.
OsHk6 is a functional cytokinin receptor in planta
To examine whether OsHk-mediated cytokinin signaling is involved in cell proliferation, tissue greening and shoot regeneration, transgenic rice calli were generated to express OsHk6 under the control of the maize Ubi10 promoter via Agrobacterium-mediated co-cultivation. As a control, the empty pGA1611 vector was transformed into rice calli. Ectopic expression of OsHk6 in rice calli led to the development of green pigmentation in the absence of exogenous cytokinins (Fig. 3A) . Moreover, when calli expressing OsHk6 were grown on medium containing a low concentration of cytokinin (0.5 mg BAP/l), the calli exhibited more rapid development of green pigmentation and regenerated shoots more quickly than calli transformed with a control vector (Fig. 3A, B) . These results indicate that OsHk6 responds to endogenous and exogenous cytokinins, resulting in cell proliferation and subsequent shoot regeneration from the calli. Interestingly, when calli expressing OsHk6 were grown in medium containing a high concentration of cytokinin (1-2 mg BAP/l), they exhibited slower development of green pigmentation than the control calli (Fig. 3A) . This likely resulted from a negative feedback mechanism induced by the high cytokinin dose, as has been observed in Arabidopsis (Hwang and Sheen 2001; Kiba et al. 2003; Lee et al. 2008 ). Consistently, OsHk6-expressing calli showed reduced pARR6:LUC induction when high doses of cytokinins were applied (Fig. 1B) .
Discussion
OsHk6 is a preferential receptor for iP in rice
Cytokinins directly control meristem activity during rice development. Suppression of a cytokinin-activating enzyme causes premature termination of the shoot meristem (Kurakawa et al. 2007) . In contrast, the accumulation of cytokinins in the inflorescence meristems increases the number of reproductive organs and grain yield (Ashikari et al. 2005) . Furthermore, overexpression of a putative negative regulator of cytokinin signaling in rice abolishes shoot regeneration and results in a dwarf phenotype (Hirose et al. 2007 ). Cytokinin signaling in rice is thought to be mediated through multiple His-Asp-His phosphorelay cascades initiated by histidine kinase receptors, similar to what has been described in Arabidopsis (Du et al. 2007 ). This is based on the identification of two-component signaling genes in the rice genome and cytokinin-dependent activation of OsHks in the yeast mutant. However, the detailed molecular characteristics and in planta function of OsHks remain largely unknown.
In this study, OsHk6 was elucidated to be a cytokinin species-specific receptor in rice. OsHk proteins restored the impaired cytokinin signal transduction in protoplasts from the Arabidopsis ahk2 ahk3 mutant, and overexpression of OsHk4 or OsHk6 resulted in the recovery of cytokinindependent transcriptional induction of ARR6, a cytokininresponsive gene suppressed by the ahk2 ahk3 loss-of-function mutation. Although cytokinin signaling cascades via twocomponent histidine kinases have been revealed in several plant species, iP-preferential cytokinin receptors have not been reported (Yonekura-Sakakibara et al. 2004; Romanov et al. 2006) . In the present study, OsHk6 did not substantially induce pARR6:LUC expression in Arabidopsis ahk2 ahk3 Arabidopsis protoplasts were transfected with myc-tagged OsHk6 and the various hemagglutinin (HA)-tagged OsHk6 constructs. Protein extracts were immunoprecipitated with an anti-myc antibody and immunoblotted using an anti-HA-horseradish peroxidase (HRP) antibody (left), with or without cytokinins. The reciprocal experiment was also performed (right). (B) Inter-molecular trans-phosphorylation of OsHk6 is scarcely detected between the histidine and aspartate residue. The yeast sln1D strain was co-transformed with various combinations of mutated OsHks cloned into the p415CYC1 and p413CYC1 vectors. Serial dilutions (10 8 to 10 6 cfu/ml) of transformed yeasts were spotted onto medium containing a specific carbon source in the presence or absence of cytokinins (trans-zeatin, tZ or isopentenyladenine, iP).
protoplasts following treatment with tZ, whereas AHK4 was sensitive to tZ (Fig. 1B) . The iP-preference of OsHk6 was further confirmed by the inability of tZ to complement yeast harboring the slnD mutation and OsHk6. The role of OsHk6 as a cytokinin receptor in rice was also supported by the development of green pigmentation and the induction of shoots from rice calli transformed with OsHk6, even in the absence of exogenous cytokinins. Because OsHk6 is highly sensitive to iP, it is plausible that OsHk6 might perceive endogenous cytokinins in rice calli to initiate green pigmentation. These results suggest that OsHk6 can activate cytokinin signaling cascades via multiple phosphorelay pathways in planta in a cytokinin species-specific manner.
Individual OsHk function might be defined by the cytokinin-receptor specificity and spatio-temporal expression pattern OsHk6 responded to iP concentrations as low as 1 nM in Arabidopsis ahk2 ahk3 protoplasts, and OsHk4 and OsHk6 mRNA accumulated to high levels in spikelets (Fig. 1A and  1B) . During endosperm development, the endosperm cell division rate positively correlates with the level of iP and iP ribose at concentrations of less than 12 pmole per endosperm (Yang et al. 2002) . Endosperm development requires tight regulation of cell division, and this is likely dependent on nutrient translocation from source tissues. iP, a potential major cytokinin species involved in endosperm development, might function as a regulator of the cell cycle and sink activity upon perception by highly sensitive receptors such as OsHk6. OsHk3 and OsHk5 are highly expressed in young leaves, suggesting a physiological role in the cytokinin-controlled leaf senescence process.
cZ is generally assumed to be an inert cytokinin. Thus, isomerization to tZ by zeatin cis-trans isomerase is necessary for the activation of cytokinin signaling. Recently, a cZ-sensitive cytokinin-responsive histidine kinase was identified in maize (Yonekura-Sakakibara et al. 2004; Lomin et al. 2011) . The activation of maize ZmHK2 and ZmHK3b by cZ in an E. coli system, which does not possess zeatin cis-trans isomerase, indicates that cZ is recognized by ZmHKs. In the present study, OsHk4 and OsHk6 activated pARR6:LUC and induced ARR2 phosphorylation in ahk2 ahk3 knockout protoplasts in a cZ-dependent manner. However, cZ failed to induce the histidine kinase activity of OsHk4 and OsHk6 in heterologous sln1D yeast mutants. These results indicate that either the binding affinity of OsHks to cZ is low, or OsHks recognize tZ that has been converted from cZ in Arabidopsis protoplasts. Therefore, it is likely that tZ and iP, rather than cZ, are recognized by OsHk4 or OsHk6 and play key roles during rice development.
Interestingly, the lack of high-level OsHk expression in the roots of rice is different from what has been described for AHK4 in Arabidopsis. Because cytokinins are present in the root exudates of rice, it is likely that cytokinins play a role during root development (Takagi et al. 1985) . While it is possible that the small amount of OsHks in the roots is sufficient to mediate cytokinin signal transduction, other as-yet unidentified types of cytokinin receptors might also play important roles in root growth and development in rice.
Inter-molecular trans-phosphorylation of OsHks and cytokinin signaling specificity
In bacteria, chemotaxis signals from multiple chemoreceptor proteins are unified into a response regulator CheW (Park et al. 2006) . Moreover, nitrogen sensors NarX and NarQ trans-phosphorylate two different response regulators (NarL and NarP), indicating that trans-phosphorylation can occur between conserved histidine and aspartate residues and can play an important role in signal crosstalk and integration (Rabin and Stewart 1993; Bourret and Stock 2002) . Although plant cytokinin receptors are hybrid histidine kinases that possess kinase and receiver domains, the inter-molecular trans-phosphorylation activity of the kinase domain might have been conserved during evolution. Heteromer formation of AHKs in a yeast system indicates that OsHks might also constitute heteromers. In this situation, frequent inter-molecular trans-phosphorylation could result in the loss of OsHk signal specificity. For example, trans-phosphorylation of tZ-insensitive OsHk6 by tZ-activated OsHk4 leads to the activation of OsHk6-specific targets by tZ. However, although inter-molecular trans-phosphorylation from histidine of OsHk6 DN to aspartate of OsHk6 HQ occurred, the efficiency was reduced by more than 100-fold compared with the intra-molecular interaction. This result indicates that the cytokinin-receptor specificity of OsHks is preserved by the efficient intra-molecular phosphorelay. This might provide another layer of specificity control during cytokinin signaling in rice as compared with Arabidopsis. While the results of this study indicate functional specificity of each OsHk, visible cytokinin-related phenotypes, including effects on grain number and yield, were not observed in any of the overexpression and RNAi transgenic lines of the cytokinin signaling components, including OsHk6 in rice (Supplementary Table 1 ). In the case of the RNAi transgenic lines, this could be due to a high degree of functional redundancy among the signaling components downstream of the OsHks or to insufficient suppression of the highly responsive OsHk6. The presence of a negative feedback regulatory mechanism such as the induction of type-A OsRr might hinder the effect of OsHk overexpression. In Arabidopsis, overexpression or knockout of a two-component pathway gene did not lead to a visible phenotype during normal growth conditions, as demonstrated in the ahk2, ahk3 or ahk4 mutants. Even quadruple type-A arr mutants (arr5, 6, 8 and 9) and overexpressors of ARR7 or ARR15 do not develop visible phenotypes when grown in soil conditions (Kiba et al. 2003; Leibfried et al. 2005) , suggesting extensive functional redundancy. The rice genome contains two additional histidine kinases, OsHk1 and OsHk2, which lack the cytokinin-binding CHASE domain. These OsHks might autonomously transmit cytokinin signaling responses, similar to CKI1 in Arabidopsis. Moreover, a rice-specific protein kinase contains a CHASE domain in the N-terminus (Os12g26940). These proteins might therefore act as cytokinin receptors that compensate for the lack of OsHk expression in the loss-of-function mutants.
OsRr6 overexpression in rice causes plant dwarfism, small panicles and sterility. These phenotypic changes appear to be specific to OsRr6 since phenotypic differences have not been observed during rice development in wild-type or transgenic rice lines ectopically expressing OsRr21, OsRr22 or OsRr24 (Hirose et al. 2007) . Among the 441 genes modulated in a rice line overexpressing OsRr6, only 165 genes were cytokininresponsive genes. This result indicates that there are OsRr6-specific target genes that are not regulated by other twocomponent signaling molecules.
The correlation between iP concentration and the endosperm cell division rate is evident only at very low iP concentrations (Zhang et al. 2010) . Based on this observation, it is possible that the small fraction of iP and its receptor, OsHk6, are necessary and sufficient for the regulation of grain filling in rice. Therefore, overexpression or knockdown of OsHk6 might not affect the iP-dependent regulation of grain filling. Hence, the isolation of null OsHk6 mutants would be useful for the characterization of the role of iP and OsHk6 during rice grain development. As rice grain filling is an important factor in the determination of grain yield, understanding the role of OsHk6 during this process might provide insight into how grain filling could be promoted without disturbing other physiological processes in rice.
Materials and Methods
Plant materials and growth conditions
Oryza sativa var. japonica cv. Dongjin was used for all of the rice experiments. Surface-sterilized seeds were germinated on MS medium containing 3% sucrose, 0.2% phyto agar and 0.55 mM myo-inositol. The seedlings were grown for 7 days at 30 C in a growth room under long day (14 h light/10 h dark) conditions. For the harvesting of mature leaves and spikelets, seedlings grown in a growth chamber were transferred to the field and further cultivated. For Arabidopsis, Col-0 and the ahk2 ahk3 mutant plants were grown on soil in a growth room at 22 C with a 12 h light/12 h dark cycle.
Transient expression assay in Arabidopsis protoplasts
The full-length OsHks were amplified by PCR from genomic DNA or cDNA isolated from rice seedlings. PCR products were digested using appropriate restriction enzymes and cloned into a plant expression vector containing the 35SC4PPDK promoter and HA-or myc-tagging sequences (Hwang and Sheen 2001) . For transient expression assays, Arabidopsis protoplasts were isolated and transfected as described previously (Hwang et al. 2001) . pARR6:LUC reporter plasmids were co-transfected with the effector plasmids. Transfected protoplasts were incubated for 3 h in the presence or absence of 1 nM to 1 mM of iP, DHZ (Duchefa), cZ or tZ (Sigma). The pUbq10::GUS construct was included as a control to normalize the transfection efficiency. For protein phosphorylation assays, protoplasts from Col-0 and ahk2 ahk3 plants were transfected with the ARR2-HA construct alone, or co-transfected with ARR2-HA and OsHk-myc. The transfected protoplasts were incubated for 3 h to allow protein expression and then treated with 100 nM of cytokinins for 1 h. Total proteins (3 mg) were resolved with 7.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to Immobilon-P membranes (Millipore). HA-and myc-tagged proteins were detected using a peroxidaseconjugated anti-HA antibody (Roche) and anti-myc antibody (Bethyl Laboratories), respectively.
Yeast complementation assay
The full-length OsHk3, OsHk4 and OsHk6 cDNAs were amplified by PCR and cloned into the p415CYC yeast expression vector under the control of the CYC promoter. The p415CYC1-OsHk6 HQ , p415CYC1-OsHk6 DN and p415CYC1-OsHk6 GA variants were generated by PCR-based site-directed mutagenesis.
p413CYC1-OsHk6
HQ and p413CYC1-OsHk6 GA constructs were produced by sub-cloning OsHk6 variants into the p413CYC1 vector. The integrity of all cloned plasmids was confirmed by sequencing. Individual plasmids were introduced into the sln1D yeast strain (strain TM182) using the lithium acetate method (Rose et al. 1990 ). Transformants were cultured overnight in liquid synthetic complete medium (SC, Rose et al. 1990 ) and spotted (10 ml of 10 6 to 10 8 cfu/ml yeast dilution) onto SC plates supplemented with 2% glucose or 2% galactose, with or without 1 or 10 mM of cytokinins. Samples with more than six living colonies were considered to be positive signals, since one or two colonies could appear on the negative control.
Co-immunoprecipitation and immunoblot analysis
Rice protoplasts were isolated as previously described, with slight modifications (Kovtun et al. 2000) . Leaves of 7-10-day-old rice seedlings were thinly sliced and incubated with enzyme cocktail containing 1.5% cellulose RS (Yakult), 0.5% macerozyme (Yakult) and 0.1% pectolyase (Kyowa). Isolated protoplasts were filtered and washed with KMC solution (117 mM KCl, 82 mM MgCl 2 , 85 mM CaCl 2 ), and then pelleted and re-suspended in EP3 solution [70 mM KCl, 5 mM MgCl 2 , 0.4 M mannitol, 0.1% 2-(N-morpholino) ethanesulfonic acid (MES), pH 5.6]. HA-or myc-tagged OsHk6 was co-transfected into rice protoplasts with OsHk6 HQ or OsHk6 DN via electroporation using a Gene Pulser (BIO-RAD). The transfected protoplasts were then incubated for 3 h, followed by additional 3 h incubation with cytokinins. Total protein was extracted from the transfected protoplasts in IP buffer [50 mM Tris-HCl (pH 7.5), 300 mM NaCl, 5 mM ethylenediaminetetraacetic acid (EDTA), 1% Triton X-100, protease inhibitor cocktail (Roche), 1 mM dithiothreitol (DTT)]. Insoluble fractions were removed by centrifugation and incubated with a monoclonal anti-HA antibody (Roche), a monoclonal anti-myc antibody or an anti-SR antibody (Cell signaling). The protein-antibody complex was precipitated with protein A/G Plus-agarose beads (Calbiochem). The immunoprecipitated proteins and total protein (input) were resolved by 7.5% SDS-PAGE and transferred to Immobilon-P membranes (Millipore). The co-immunoprecipitated proteins were detected using a peroxidase-conjugated anti-HA antibody or a peroxidase-conjugated anti-myc antibody.
Rice calli cytokinin response assay
The pGA1611-OsHk6 construct was introduced into rice calli using Agrobacterium-mediated co-cultivation, as described previously (Lee et al. 1999; Jeong et al. 2002) . Transformed calli were cultured on medium containing 50 mg/l hygromycin-B (for selection), and then transferred to MS medium supplemented with 0.5 mg/l naphthaleneacetic acid (NAA) in the presence of various concentrations of 6-benzylaminopurine (BAP, 0-2 mg/l). The experiments were repeated a minimum of twice.
Total RNA isolation and expression analysis of OsHks
Total RNA was isolated from rice tissues using Trizol reagent according to the manufacturer's instructions (MRC). Genomic DNA contamination was removed by DNA-free treatment (Ambion). First-strand cDNA was synthesized from 2 mg of total RNA using Improm-II reverse transcriptase (Promega) and oligo (dT) 15 primers, according to the manufacturer's instructions. Real-time qRT-PCR was performed with a LightCycler 2.0 system (Roche) using SYBR premix Ex Taq (Takara). The expression of the target genes was analyzed using LightCycler software 4.0. The primer sequences used for real-time qRT-PCR were 5 0 -CCTCCTCCAACAAGAAGCAG-3 
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